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ABSTRAC’!’

Theoretical and experi m ental comparisons have been made

between several nonlinear fracture toughness methods includ-

ing 
~~~~~ 

integral method), GrOI)(COD method) and G1 (nonlinear

energy method ). Three series of compact tension specimens of

7075-T65l , 2l24-T851 and Ti-6A9.-4V were tested. Five fracture

toug hness tests , at thicknesses above and below the minimum

value for plane st rain fr ac ture , were conducted in each series ,

and toughness values were compared at: (a) the onset of stable

crack growth and (b) at the onset of unstable fracture. Jt was

found that when the critical point was the onset of stable

crack growth 
~1~~’ 

G1~ 
and ~1 (linear toughness) were indepen-

dent of specimen thickness. When the critical point was the

onset of unstable fracture all three toug hness values increased

with decreasing thickness , with G > J > . The C valuesIc Ic I c  COD

wer e much higher than the others in all cases.

1’ 
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iN 1’R~) I ) i ! C T  JON

Wid espread accept an ct~ 0 I 1 I flea r- e la stic fr;ic t li r e T f l e C  h a n i  cs

co n c e p t s  i n  r ec en ’  y~~ar s  has  r e s u l t e d  i n  the devLl op nient of new

s t r u c t u r a l  a l l o y s  h a v i n g  f r a c t u r e  t o u g h n e s ; e s  s . g n i f i c a n t l y

hi gher t h a n  t h e  01 ( 1cr J I gh — st  reng t h  , I ow — tou~hnr ss a 11 oy s

while maintaining y ie ld str enc ~t iis at p r e v i o u s  l ( ’ / e l S .  However ,

in fracture toug hness testing the~ c materi a ls ~x l i 1 i t  ons id er—

able noni inea r do format ion , l~:e to crack - t ~p p last Ic I t ;s ’ and

subcritical crack i~rowt 1i , Prior to u n s t a b l e  fra cture. ~1o meet

the AST~1 requ i renient fo: plane stra i i i f r a c t u r e  t oug hn c~ :- t e s t  -

ing, [399 , the minimum specimen thickn es se- ; l o t i ;iny of tl.ese

materials are too large for economica I t ’sti ng a n - I  a t  so m u c h

greater than most structural ~ppl i c a t  on~

Several a p p r o a c h e s  to  ob t a i n i n g  a -~~i i  it a h l - r : i c l  i j e

toug hntss test method have been prop () ed I o r  m ateria l s ~hic 1i

exhib it considerable n on l  inca” t-e~ pon :~e p r i e r  I e ufl~-t ~h l c

fracture. The first approach , suggested bc n , ci al

[1 ,2 }  , I nvolved determining t he size of the c rack - - t i p  p1 a~.t i c

:one and calcu l at ing the linear fracture toug hti ~ss a-~ thoug h

t h e  c r a c k  s i : e  had increased by an a m o u n t  eq i a l  to the plastic

zone si:e. In cases where ext ensive crack-tip plastic de-

formation occurs; without subcritical crack growth , W ells [3 J

p r o p o s e d  t h a t  the material w I Ii fai 1 under a cond i t ion t h a t

Ie ; .d s  to a p a r t  i c u l a r  a m o u n t  ni t.leformat ion a t  t h e  c r a c k  t i p ,
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a quantitative measure of which can be obtained f rom the crack-

tip opening displacemen t. Rice [4 ,5] introduced a line energy

in teg ral (J in tegra l ) , wh ich includes nonlinear deformation in

the vicinity of the crack-tip. The .1 integral was initially

treated as a failure criterion by Begley and Landes [6 ,7], and

is currently being evaluated as a nonlinear fracture toughness

parameter in a round-robin test program . Another nonlinear

frac ture mech anics method , called the nonlinear ener gy method ,

has also been p ropos ed [8,9]. This method , wh ich is based on

a general definition of fracture toughness , permits the

straightforward determination of a nonlinear fracture toughness

param eter , Cc or C 1~~, from the load-displac~ment record of a

single fracture toughness test. The nonlinear toughness para-

meter is defined as the energy rate in a semibrittle material

and is given by

~ (1)
C c

where C is a me asure of the curva ture of the load-displacemen t

record and is the linear toughness. Since C approaches

unity as the load-displacement record approaches a straight

line , it is clear that (~ approaches the linear fracture tough-

ness when brittle materials are tested.

All of the nonlinear fracture mechanics methods , thoug h

di  f f e r c n t  in  t h e i r  approaches , pro pose f r a c t u r e  t o u g h n e s s

p a r a m e t e r s  s i m i l a r  to the l i n e a r  f r a c t u r e  toug h n e s s . In  t h i s  

~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ ~~~~~~~~~~~~~~~~ 
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p aper the  a n a l y t i c a l  bases  for t hese  a p p r o a c h e s  have been out-

l in ed an d t he met h ods of  o b t a i n i n g t h e t o u g h n e s s  v a l ues f r om

e x p e r i m e n t a l  d a t a  have been d i s c u s s e d  i n  d e t a i l .  l ix p e r i n i e n t a l

c o m p a r i s o n s  among the  n o n l i n e a r  e n e r gy  (G 1~~~, t h e J i n t eg r al

and the  c r a c k - o p e n i n g  d i s p l a c e m e n t  (G CQ D ) to u ghn ess

values have been made and their var iatio n with specimen thick-

nesses greater and less than the thickness r equ i r ed  by ASTM

F399 is presented in this report. The toug hness values were

determined at two critical po iats , (a) the initiat i on of sub-

critical crack growth and (b) the onset of unstable fracture.

The materials used for these tests include two aluminum alloys

7075-1651 and 2 12 4 - T 8 5 1  and a t i t a n i u m  a l l o y  T i - t A 2 . - 4 V  in the

~ forged condition.

~~~~~~~~ - - - -- - - - _ _ _ _ _ _ _ _ _  _ _ _ _
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TIlE L)[VELOPMEN1’ 01: VARI OtIS NONI. I N L A R  METII OIJ S

The Crack-Openin g Displacement Method. lcells [3] assumed

that , when c r a c k - t i p  y ie l .d ing  occurs , there is a close re-

lationship between the energy released and the  energy ab-

sorbed dur in g an in c rem en t of cr a ck growth after separation

of the c rack surf aces through a critical displacement , 
~~~~~~~

When the crack-ti !) plastic zone is small compared to the

crack length , this relationshi p can he obtained using a

quasielastic approach (the strip yield model). A relation-

ship between S , the nominal stress (o), the yield strength

and the crack length (2a) can he obtained [10] from

the stri p yield model as

8o ays 110
= 2,,n sec(20 )

ys

= 
8o
~~

a 

~~~~~ )

2 ~~~~ ~~~

)

4

+ 

~4 )6~~~~~
Considering only the first term in Eq. (2) leads to

(3)

From Griffith’ s analysis of an infinite sheet containing a

crack of length 2a , it has been shown that

C = 
i~o

2a ( 4 )

which is substituted into Eq.(3) to y ield

~‘ COI) = . (5)



— ()

I t is c lea r from t Ii I s dcv u i  Opme n t t Ii at cons iderab I e

ap p r o x  i mat ions are emp loved in o r de r  to  ob t  a in  E q . ( 5)  . bor

example , the suit ab i l i t v  of  t h e  ‘trip y ield model for this

analysi s has not been yen fi ccl in a general m a i i n e  r and may

he conipletelv i n a p p r o p r i a t e .  ‘i here is also no general agree-

ment as t o  how the crack-opening displacement can t)e a c c u r a t e l y

measured . Additional inaccuracies are als o introduced by the

use of Eq .  (5 )  f o r  both plane st  “ess  and plane s t r a i n  con d i  -

t ions  1 1 1  . ~1o reover , t h e  COP m e a s u r e m e n t  i ~ not  rd j a b  le

once suhcr i t i ca l c r a c k  hrowt~ i s  i n i t i a t e d , a nd t h e  Cifi) c r i t e r -

io n is  n ot ;ippl icab l e i n such cases .

l’he .1 [nteg~jtl Me t hod. In an ela stic medium the .1 integral

[ 4 ,S 1 , defined as

= f ~ T cis) (ti )

wher u ~ . i s  the elastic s t r a i n  en e r g y  d e n s i t y , T i.s t he  sui l’ace

t r a c t  ion vec t  or  and r~ i s  t he sp I aceme n t  v e c t o r ,  h as  bee n

show n to he a p a t h -  i n d e p e n d e n t  e n e r gy  l i n e  i n t e g r a l .  The con-

to u r  P beg ins on one c r a c k  n u t  f a c e  and end s  on the o t h e r  so ;t c

t o encompa ss  t h e  c r a c k  t i p, bitt hr Ca use 0 1 i t s pat h I ndepen —

den cc , it can  o t h e  ~~ I no  be a rh I t t a n il v I oc at ud

I f t he  I oba  1 e 1 as t I c p o t e n t  i a 1 cue  r p y  I c  r a non 1 i near

elastic material i s  d e f i n e d  a”

I fl - , ( T i
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where U is the total strain energy and 1V is the work done ,

it has been shown that

(8)

The J integral was defined for a linear or nonlinear

elastic medium . When the loading is monotonic and proportional ,

the deformation theory of plasticity is equivalent to the non-

linear elastic analysis of deformation. Hence , small-scale

plastic crack-tip defo rmation can be approximated by a defor-

mat ion theory of p last ici ty. How ever , the J integral is a

derivative of the potential energy with respect to crack length ,

Fq.(8). For a nonlinear elastic body J may be interpreted as

the rate of change of potential energy with crack extension ,

similar to C .  But , for a general elastic-plastic problem ,

there is always crack-ti p unloading with crack growth and

plastic deformation is irreversible. Therefore , .J cannot be

interpreted as an energy change rate with crack extension and

the deformation plasticity theory is not applicable. It can

he considered as an energy comparison of two similar bodies

w i t h  s l i g h t l y  d i f f e r e n t  c r a c k  s i z e s  loaded in  the  same manner ,

in wh ich  case the  d e f o r m a t i o n  t h e o r y  may he a p p r o p r i a t e ;  but

t h i s  energy  c o m p a r i s o n  i s  not e q u i v a l e n t  to  t h e  r a t e  of en-

ergy change in the process of crack extension. Hence , the J

integral is essentiall y a nonlinear elastic e n e r g y  r e l e a s e

rate criterion used as an approximate criterion for an 

— -- ~~~~~-~~~~~~~~ -—-- -- - — --~~~~~~~~~~~~~ - - - —-‘ - .— —  -—. - -~~~~~~~ -



ci as t ic — p l a n t  i c mate i’ a 1 . I t i  r t  h e r  , as i i i  t h e  c a n  (‘ o I’ t he COl)

m e t  hod , t he J in teg t’a I app ro~; d i  I ‘; n o t  a p p  i i c a b l e  when  t h e  rc~

is subcritical crack g row t h .

The Nonlinear Energy Method . F r o m  a g I oh:i 1 ene r~~y hal atice

cons i derat ion d u r  ing slow c r a c k  growt h in a cracked body, t h e

nonlinear energy t o u g h n e s s  , , has been defined [9 1 ~I S

= ~—(W-1I’ -U”) = (~~)
c cr i t 1c

in which

W = t h e  externa l i~ork ,

II’ = elastic strain ‘nergy,

U” = plastic strain energy , and

F = fracture surface energy .

‘I’his definition is valid regardless of whether t h e  material

exhih its a I incur or nonlinear response don i og du fo r o u t  ion .

Fro o  th i s genera I de Ii n it ion , an express I on for fracture

toug hness has been obtained , ‘~ I - ‘hi cat ’ he e asily evaluated

from convent iona  1 f r a c t u r e  t o u g h n e s s  t e s t  x ’e ‘~t i 1 t

The load —ci i s p l  ac ement re :ord oh t a i ned I r on i  a fr ic tu re

toug hness test of  a ma te r i a l  exhibiting crack- t i p p las t i c i t y

is rep resen t ed ~ ene r i c a 11 v i n  F I g . I . ‘l ii i s cu r v e  can  he i c  —

presented by a t Ii t’ee - pa r a i n e t  en  Rainbe r g  — ()sg iod i c i  at i on as

I I ‘~

= 
M 

‘ ( 1 0 )

____ 
_ _ _ _ _  

_____ ___ _____________ 4
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in which

displacement

load

M = initial specimen modulu s

and k and n are constants i’or a g iven test curve . The inter-

nal energy stored by the specimens , U = Ii’ + Li” , prior to

crack initiation can he obtained from Eq.(l0) as

IJ = F : -f vdh 

. n-l
=~~~~[

l + ( ~ ) ] . (11)

tinder a constant load condition of crack-growth , ‘~~
-
~
-
~
- and

can he obtained as

= F’~-~ = 1 + n k ( ~~)~~~~~ F 2 a (i/M) ( 12)

and

= ~~~ 

[
-i. + 

2n 2
k
(
F
)
h1 1  ] ~~i/M) , (13)

front which it is seen that

- - ~U 
= Ii + 211 k F ~‘ 1~~ 

~
2 ~ (I/M )- 

~~ L ~T1~M~ j
LG r  (14)

_ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _  



— j (1 —

In  E q .  ( l ’l )

= [ i ~ ~n k I  ]
and

— 
- 

K . (l-v ~ - -
~~~( 1/ ~ l)

F

is t he l i ne a r  f r a c t u r e  t o u g h i i e s n  u n d e r  p l a t e  strai n conditio ns.
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Experimental comparisons hetween 
~Ic~ ‘1 Ic ~inc1 ~

‘COD as

failure criteria were made by fracture toughness testing

of three sets of compact tension specimens prepared from

plates of 7075-1651 and 21 24-1 851 aluminum alloys and

li -6A ~~- 4 V  alloy in til e g-forged condition. At least five

specimens were tested in each set. The specimens conformed

with tile ASTM E3~)9 requirements , with w = 3.0 in . , except

for specimen thickness. In each ) set were included specimens

having thicknesses both above and well below the minimum re-
2

quire rnent for plane strain fracture , B > 2 .5(K 1 / ) . The

tents were conducted on an MTS servohydraulic s y s t e m  op e r a t ed

in load control.

The specimens that had thickness es lower than tile mini-

nun thickness required for p lane strain fracture showed evi-

dence of si gnificant subcritical crack growth. Althoug h sub-

critical crack growth was not usua11~’ observed directl y, it

w a s  i n f e r r e d  f r o m  sudden changes in s lope of t h e load-di s -

pl~1C(’1! t’11 t c u r v e s .  ~lc st  o f  t h e  n o n l  m ean ty of  til e c u r v e s

occurred after the o n s e t  of siih cr it ical crack ~rnw th . Two

crit i c a l  p o i n t s  i~ci’c identifi e d for these test s : (a) t h e

on r t of suhc r i t i cal crack rowt Ii , and (h) t h e  iti t t i at i on of

uns ’. a l - Ic fra cture , w h i c h  corresponded to the m a x i m u m  load.

Horn an eng i n e e r  i ng p0 j Il t of vi ew the Sc ’ c ond C i’ it i cal po lil t

_ __ _ _ _  _ _  -_
~~~~~~~~~~~



(unstable fracture I is mor e imp ortant ti ta n th e I rst . hIo~ ccer ,

the a n a l y t i c a l  bases for r i o n t  of ’ the n o e l  ine - -~r n~~ih o d s  a r e

appropr iate o n l y  to  tile onset of s u l ) c r i  t t e al cra-: k gr ~.th. In

o r d e r  to obtain a better d Iprc ciati o n of’ ~evera 1 of the non-

linear t o u g h n e s s  values under different amounts of  nonlinear

b e h a v i o r , s e v e r a l  of t h e m  were determined from ti~e load- dis-

p l a c em e n t  r ecord  at p o i n t  í a )  as we ll as at point (b) . i -o r

re ference purposes the linear tnig hn es s v a l ue C~ was also

calculated based on the  c o r r e ’~~-~iidi ng l o a d .  ‘I’ he sc  v a l u e s

coincided with the C value i-hen the mi n imum thickness re-Ic

c lu i r e r n e n t  was  s a t i s f i e d .

Nonlinear Lncr~~’ ~lethod. ‘I’he procedure for evaluating C1 is

g iven in Ref .[12). ihe relation , (~ = (~~~~~ , is applic ab le

for Plane strai r as well as p lane stress conditi ons. The

quantit y C is obtained by drai ’;inn, the ini t i a l  tangent and two

r e d u c e d  m o d u l u s  I ices to the lead - di nj - i acer ient curve , one of

w h i c h  p a s s e s  t h r o u g h t h e  c r~ , i c a l  p o i n t , I: i g . 1. At t i l e  t w o

i n t e r s e c t i on’ po i n t s  of t h e  s c c an .  t i n e s  w i t h  the l o a d - d i s -

p l a c e m e n t  r eco rd  t h e  f o l l o w i n g  c o n d i t  i ons  are si’t I sficd

I F F ~
V = —

~~
—-- = — + k ( — )1 ~~~1 \ j  ‘-M ‘ -

- n1- , I’ ,
v = - + k

a ‘-1 M ‘.1 

_ _  _ _ _ _ _ _ _ _ _  _ _ _ _
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from which i

n - i1-a 1 1 ,
U

( 16)

. n - i
l
~~

i2 k (~~~)

By e l i m i n a t i n g  k f rom E q . ( 16 ) ,  i t  i s  seen t h a t

1 + 2.n[ci ( 1-a  ) f c t  ( I - a  ) 1
- Z n ( F 1/F 2 )

and the  e x p r e s s i o n  fo r  C can be w r i t t e n

- 2n(l-a 1) F 2n(l- a 2) ~ 
n-i

C 1 + 
a 1rn+ l y  ~~~ = ~ + 

a2 (n+1’) 
. ( 1 8 )

Since h~, I ,, Eq. (18) assumes the simplified form

2n (l-a,,)
C = 1 + . (19)a 7 (n+ 1)

Thus C can be determined for a u ”  load  - d i s p l a c e men t  record by

evaluating the parameters a1,a2,F 1 and F 2 = F since C is

not dependent on M , hut onl y on a1, a1 and n , the load -cli p

gauge displacement curve can he used for the dete rmination

of C; i.e., it is not necessar y to obtain the load-point

d i s p l a c e m e n t .

COD ~Iethod. In p r i n c i p le , the cal culat ion of from tile

COl) value ~~~S St ra i g h t  f o r w a r d  b e c a u s e  of  t i l e  s i m p l i f i e d  re -

l a t  i o n  C ,01 = ~~~~~ H o w e v e r , the techn i quc for determining

- - - -  -~~~ - - - -~~~-- ‘ -—-~~~~— -- -~~~~~~~ --~~~~~~~~~~~~~~~~~~ - “ -  --~~~~~
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~ is not w ell estah l ishied . ‘lEe most w i d e l y  used approa ch- is

to calculate it from clii) g a u g e  displacement mea.~urenients .

[lover [131 assumed that the S~~CC itflefl (le form at ion Can  bc r ep re -

sented by a rotation about sonic point r(~
, -a ) ahead of the crack ,

Fi g. 2 .  Hence the ratio of the cli p gauge’ reading , Vg~ and ‘~

i s  g iven  by -

V
.4 = 1 + a+z ( 2 0 )
o r (w - a) -

T he v i e w p o i n t  is g e n e r a l ly  h e l d  t h a t  r remains constant above

certain large values of displacem ent . However , there is no

general agreement as to the exact value of ’ r. Another method

of determining r for compact tens ion spec ime us was devel oped

by Egan [14] from a finite element anal y sis. in the Present

investigation the flgan approach for d e t e r m i n i n g  r was followed.

I Inte~ ral Method. The procedure ini t i a l l y  followed by Bec~1ev

and Landes f o r  evaluation of I .~. [6,7 ]  involved a nonlinear

comp i lance approach us ing several spec imens of different crack

lengths . However , Rice , Paris and Merkle (15) sti pulated that ,

for deeply notched specimens , 
~~~ 

can be obt a i ned  as

= B(w - a )  ( 2 1 )

wii e  re A in t h e  a re  a u n d e r  t lie 1 oa.I — lo ad ~~O I n t d i s p 1 a cemen t

c u r v e  up to  t lie c r i t  ica  1 po I lit and I~ s t he t hi c k n e  s s . I- too

the R a m b e r g — O s g o o d  r e p r e s e n t a t i o n  o f  t lie load - d i~~p Ia cc~’- c-ii t

r e c o r d , t h e  a r e a  t i n d e r  t he  l o a d  c i  i p  ,~~ii1 ge d i  sp l o  +,‘m c u i t  c u r v e ,

_ _ _  
~~~~~~~~~~~-- -
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Ag~ can be obtained by integration as

—CF~A g = .~~~.2. ( 2 2 )

The value of M is dependent Ofl the point where the displace

ment is measured. h ence , the cli p gauge displacement read-

ing, Vg~ gives a lower value of M than the load Point dis-

pl acement. 
~~~ 

should be determined from the area under the

load-load point displ acement curve in the form

2 \‘

~~~~~~~~~~~~ . ( 2 3 )
g

From the procedure used for det c ri- in i ng - ‘ , it can be seen

that

- a~~r I ~~ ’ a )  (~~4- -
~‘:;:-:i+ 1~
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l’he I ine’ar fracture toug hness (C 1 ) ,  t h e  n o n l i n e a r

energy t o u g h n e s s  ( U ~ ~
) ~ , and  w e r e  eva 1 uat ed Co r each

S~~~ CC im en f r o n t  a s i n g le l o a d - d i s p la cement  r e c o r d .  These  quail-

t i t i e s  w e r e  o b t a i n e d  a t  two cri t i c a l  points -- the onset of

subcritical crack growth and t h e  i nitiation of unstable crack

p r op a g a t  ion ( m a x  inium load) . ~ l i i  s procedure fac ii i tated corn-

parisons among the different fracture toughnc’ss paramet ers as

a function of thickness for til e alloys 7075- ’i’nSl , 2124-T 851

and Ti-6A 9-4V in the I~ forged condition.

The test results of tile relatively bri ttl e 7075-T~~5l

a l l o y  are shown in F i g .  3a and b. ftc toughiie’~s v a l u e s  cor-

r e s p o n d i n g  to t h e  0 . 063 i n .  t Ii icknes s we rc ’ o ht ~i i ned  I’rom

ce n t e r - c r a c k e d  shee t  SI - CC l i n e n s .  A l l  of  t h e  o t h e t  r e s u l t s

w e r e  d e t e r m i n e d  f ron t  t e s t s  on c o mp a c t  t ens  m u  p e C  i ItiCfls

W hen the  m a x i m u n i  load  was ~~~i ; g c - t e d  an  t i l e  c r 1 t i c i l  p o i n t  , i l l

of t ile t oug h n e s s  p a r am e t e r s  i n c r e a s e d  m a r k e d l y  w i t h  d e c r e a s i n g

spe c i m e n  t h i c k n e s s e s  as i s  seen in F i g. Sa. ~~~~ , (
~ and  ,j

1
d i ~~p 1 ay e d  a r e g u l a r  v a r i a t i o n  w i t h  c h a n g e s  i n  t h i c k n e s s , w i t h

C cons i ste n tly h igl ier than .1 and . 1 - h i  ~‘h e r  t h a n  CIc ‘ Ic Ic - I c

l Ee di I t ’er enc e s  amon g  the three toug hne ss pa r’ atiet ers decreased

i % l t i l  i n c r e a s i n g  t b i i c k n e s ’~e~~. iV he n t h e  t h i c k n e s s e s  sa tisfied

l ie  -\~~ 1~ I req i i i  r e t l ie n t  , the to tli lhui c ’s S V : 1 1  lIes :1 1110 ’ 1 C O  I t i C  i i  i d

as w o u l d  he  e x p e c t e d  f r o t n  t i l e  i n a l y t  h a l  bases o f  tile ’ t u i e t h o d s .

- -- ---- --

~
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As c o m p a r e d  to these three toughness p ar ;i t t i e t e r s  , the

values were si gnificantl y larger at all thicknesses , and

they varied with specimen thickt less in an irregular manner.

When the onset of subcritical crack growth was chosen

as the critical point , the 
~~~~~~~~~~~ 

G ic  and .i , toug hness

values were seen to be independent of thickness changes ,

and were very close to one another , as seen in Fi g. 3b.

For all thicknesses except 0.5 in., the T~ val ues were
IC

smaller than As in Fig. 3h , the values were much

higher than the other three and varied irregularly with the

specimen thickness.

In Fig. 3a and 3b there was no significant change in

C1 and C1 values when the specimen geometry was changed

from compact tension to center-cracked sheets , since all of

the points fit into a smooth curve. This behavior demon-

strates the lack of dependency of C1 and 
~Ic 

on specimen

geomet i ’y .

At thickness values above that r e q u i r e d  by A~TM L399 ,
2

C = K IF C and is e x p e c t e d  to remain independent ofI c  Ic  Ic

additional increases in specimen thickness. In 7075-T651

only the specimen with thickness 0 .5111 . met t h e  A~ ’fM require-

tTt C ’fl t

As cu r r e n t  1 v fo rmtu I a ted [1 (~ , i s ci i med to l)e Con -

s ta nt  to  a c o n s i d e r a b l y  l o w er  t h i c k n e s s  ( Si) J 1 / i  ) t h a n 

---‘~~~~~~~~~~~~~ -~~~ --



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~-- ‘~~~~ - - - ~~~

I ~

that required by t h e  1 i i i c a ~ 
‘ 1~ i n iet hio d. I t c a t  be seen

from I i g . 3b t h a t  J~ evalu ate d at t h e  onset of :;ubcritical

crack growth does exhibit geo~ e t iv indepencknce down to tile

th innes t  sp e c i m e n  t e s t e d .  I t  i s  n o t e d  that foi these tests

p r a c t i c a l l y  no n o n l i n e a r i t y  in the load-dis p lacement record

occur red  prior to tile Onsel of subcritical cracking. However ,

when the maximum load was taketi as the critical point , ‘1 T

increased subs tantiall y with de ’reasit l g thickness.

The t h i c k t i e s s  d e p e n d e n c y  -~~ F toug h n e s s  values for the more

duc t i l e  2l24-T851 ah oy , Nv, . ta and b , was similar to that

For 7O75 -T ~ 5 l .  Howeve r , t h e  t o u g h n e s s  v a l u e s  e~~iibit ed more

scatter than for the 7075 allo y . The r~xp er itn ent ol scatter in

all of these results would c e r t a i n ly  he reduced if at least

three s p e c i m e n s  are tested I each thi i cht iess as r e comtn ended

in AST~’I F399. ‘I1~e 212 -h al lo y specimens wi t h i  t i i  I ck n e s s  g r e a t e r

than 1 .2 in. sati~ Lied the til l cl ness requiremen t and accord-

ini’ l~’ gave t o u g h n e s s  valu es in ’ cpendent o f  t h i c k n e s s  i n  t h i s

region. The m i n i m u m  t h i c k n e s s  f o r  wh I CII T~ , ~ca:- supposed to

rer- a  i n ‘oi~’; t a u t  , ~~~~~~~ r ~
‘
*~~c 

w a s app rox i ma t i  I Y 0 . 1 in . 10 r t 11 i s

all v i~iien tile max i mum load i s t a k en as t hi’ cr i t I a 1 1 oad

I i r . -ta . But as iii t li e case of 7075 — - l  ( 5 1 , the . 1 
-~ ~a I ue in —

c i~c’ ases  with dec rca s i ti c t Ii i ckne ss he I ow I . , I ii . ~\‘h Ct l  tile

on set of  s t t h , r i t j c a l  cr a c k  ~ t o ~thi is taken as thl (’ n t  H a]

po I t i t  • C , C and -
T 

~e Ii’ (‘S sent Ia i i Iii ’ ’. i e n ~len t cc -
1 - ’  t r  1 ’

h tli C il t h i c k n e s s . .- \ ‘~ h c f ’n rt’ , hi ~‘;i ltt e ~ - for ‘‘or e 

~~~~~~~~~~~~~~~~~~~~~~~~ 
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~
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hi gher than the others.

The Ti-6A 2,,-4V alloy a l s o  d i s p l a y e d  the same type of

thickness dependency of toug hness parameters as the two

aluminum alloys , Fi g. 5a and b. For this alloy none of the

specimens satisfied the ASTM thickness requirement. For

testing the minimum thickness of 50J 1 /o was approximately

0 . 3 5  in. when tile maximum load was used as the critical

po int . However , constancy of was not observed for any

of these tests. Even when the onset of subcritical crack

growth was selected as the critical point , 
~~~~~~~~~~ 

C1~ arid

showed small increases with decreasing thickness . The onset

of subcritical crack growth was less well defined for this

alloy and hence the accuracy of ’ determin a tion of this point

was lower than for the a l u m i n t i n i  a l lo y s.

It has been shown that in all three allo ys t h e ~~~~

values  were v e r y  l a r g e  and i r r e g t i 1a r l ~ v a r y i n g  w i t h  th ick-

ness  as compared  to  til e o t h e r  t h r e e  to u1’ . h n e s s  p a r a m e t e r s

P r o b a b l y  t h i s  is because , in  a d d i t i o n  to  the  l a r g e  app rox i -

mat io ns made in  t he  deve  i o p n i e n t  o f  t h e  ( P1) m e t h o d , a suit -

ab le  t e ch l n i q l l c  f o r  det  e rm in  i ng CO!) i n  con ipac  t t us  I on ~i~’c i 
—

men does not exist. All suggested techni ques , in cl uding the

one used in this investIg at io t l , are quite sensit i v e  t o  s u b —

cr 1 t i ca I crack g rowth , whi ch tends to y I el d uti r i - i n o t i u b  l y

large values of COP. 

~~~ - -~~~--— --~~~~~~~ -~~~ 
- -  —~~~~~~~ ----—-——~~~~-



‘1 1w d i f f e r e n c e s  in C ariJ .J - I i  oa ~~~~, w e r e  l a rr e  w h e n

the  p e a k  load  was  taken as t h e  er  i t  i cr  1 p0 i t i t  . hh e n  t h e  011 -

set  o f  s ub c r i  t i cal  cr a c i  r o ’. ii t a n  t f l r e n  a~ t he  c n t  i c a  1

p Or i f l t , t h cr e  icere no l a r g e  ( I i  It erences a m o n g  t he  t h r e e  t o u g h-

nes s  v a l u e s , and ~T was a I n c  I t h e  s a n e  as t h e  .A~~T~I s t a n -Ic

(lard tougiines s (C 1 
) value. 1 Ir i ~ belia ci or indicates that in

all three alloys the noni i non ni t~ o c c u r  I’~ - c 1  ! redorninentl~

a f t e r  t h e  o n se t  o f  s t i b c  i i t i cr 1 1 c r a c k  Lj- o\ - ; t Ii It also m d  -

cates that valid C values C~~.L h e  obt a it ied Irot :r spec men s ofIc

t h i c k n e s s  much  l e s s  than that I equi red h A~-Yl~ - 1 L~99 b y eva l  —

u a t i n v ,  C a t  t h e  o n s e t  of s u b c r i t i c a l  c r a c k  g r o w t h .  T h i sIc

can p o t e n t i a l l y  le a ( I  to  e l i m i n a t i o n  of  t h e  nee d  f o r  l a r g e  un-

w i e l d y t e s t  sp e c i m e n : ~ a n d  r e s u l t  in s i g n i f i c a n t  s a v i n g s  in

m a t e r i a l s  and  t e s t i t i g e x p e n s e s .

Comparison o f  e i t h e r  t h e  C or .1 - t o u v , h n ( - s s  v a l u e sI c
at t h e  tw ’’ critical points i Ili strate s q u i t e  c i i n i r l y  t h e

s e v e r e  p e n a l t y  p a i d  b y ev a l  - - t u g  f r a c t u r e  t o u g h n e s s  v a l u e s

o n l y  a t  t h e  o n se t  o f  s i i h c r i t  ical  c r a c l .  g r o w t h .  For e x a m p l e ,

t h e  ( :
1 v a l u e s  e v a l u a t e d  a t  t i l e  m a x  i r u m  l o a d  ar e  g e n e ra l  lv

two to  t h r e e  t i t l e s  as larv ,e a ;  t h e  v a l u e s  o b t a i n e d  at t he

o n s e t  o f  n i i h c r i  t i c a l  cracking. Since t h e  1 t e v e n t  i o n  o f  un

stable fracture of en g it leer ing s t r u i t i ir e ’ ;  is tile p r i o r y

app Ii cat ion o I Irac tune t n e c h a  ‘ i cs , it I s i 111 (10 rt a n t  t o  in —

c o r p o r a t e  t h e  comp lete m a t e r i a l  response ( l OR I — d i s j )l a c e m C u l I

r e c o r d )  i n t o  thl e l’r a c t i i r e  t o t u g h i t i e s s  let -i l i innlt ion .

___ 
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1. Comparisons among fl’
i , 

~~~ ~~~ 
and 

“) I w e r e  made  f o r

three alloys . The toughness values were evaluated at tnaxi-

inium load and at the onset of subcritical crack growth.

2. When the maximum load was taken as thc ’ cri tical point ,

all of the toughness paratneter s displayed high ler values

with decreasing specimen thickness. When the onset of

subcritical crack growth was taken as t h e critical point ,

G and J were essentially constant at all thicknesses.Ic  Ic  Ic

In both cases GOOD had hligher values than the other three and

varied irregularity with thickness.

3. C and J varied in a similar fashion ,wit h C . alwaysIc Ic
greater than whenever significant nonlinearity occurred.

At the onset of subcritical crack growth and for hrittle

f rac ture ,G1 ,  J1 and 
~Ic 

gave generally similar toug hness

values with .J often lower than C and ~Ic Ic Ic

4.  When t I e  t o u g h n e s s  v a l u e s  w e r e  d e t e r m i n e d  a t  t h e  o n s e t  of

s u b c r i t i c a l  c r ack  g r o w t h  t h e y  r e m a i n e d  c o n s t a n t  down to  m u c h

lower  t h i c k n e s s e s  t h a n  t h o s e  r e q u i r e d  by t h e  \~~T”~ s t a n d a r d .

Most  of  t h e  n o n l i n e a r i t y  o c c u r r e d  a f t e r  t i le o n se t  o f  sIl l )  -

c r i t i c a l  c rack  g r o w t h .

- ~~~--- ~~~- - - -~~~~ ---~~ -- -  -~~~~~~ -~~~~ ~~~~~ ------~~~~~~~~~~~~~~ -.-- ----- -- -
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5. M i n i m u m  t h i c kn e s s  r e q u i r e m e n t s  by A~ I ~99 a n d  by  .J
Ic

c r i t e r  ion  h a v e  been evaluated and it wa s seen t h a t  t h e  i r 3 9 9

requl rement was an order of niagni tn d e  g i e a t e  r t h a n  . flow-

ever J values were not constant below the ASTM required

thickness when J was determined at  t i le  m a~~i IIiu n l  load. AIc

thickness of 50 is not adequate to urovide constancy

of toughness values at maximum load.

6. Constancy of •J and C . w i t h  thickness were ~‘ery simil arIc I c

for all of tile tests.

~~~. The test results indicate that v a l i d  (~ Va~ ues can he

ob tained from specimens of thickness much lower than that

requi red by AS ’I ’M 1 399 by  evaluating C , at the onset of sub-

c r i t i c a l  c r a c k  grow th .

8. Comparison of C or .1 a t the two critica l poin t s i i-I c  I c

lust rates the s e v e r e  p e n a l t y  p a i d  by e v a ]  n a t  I n t , I r ac  to r i -

t o u g h n e s s  v a l u e s  onl y a t  t h ’  o n set  o f  c u h c r  i t  i c a l  c r a c k

growth , since values at max i “. in i  l o a d  t e  cc getii ’ra l lv  two

or three times as large as the values a t  t h  on s et  o f  sub  -

critical c racking. 

--
~~ 
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